In normal hearing, complex tones with pitch-related periodic envelope modulations are far 16 less effective maskers of speech than aperiodic noise. Here, it is shown that this masker-periodicity 17 benefit is diminished in noise-vocoder simulations of cochlear implants (CIs) and further reduced 18 with real CIs. Nevertheless, both listener groups still benefitted significantly from masker 19 periodicity, despite the lack of salient spectral pitch cues. The main reason for the smaller effect 20 observed in CI users is thought to be an even stronger channel interaction than in the CI 21 simulations, which smears out the random envelope modulations that are characteristic for 22 aperiodic sounds. In contrast, neither interferers that were amplitude-modulated at a rate of 10 Hz 23 nor maskers with envelopes specifically designed to reveal the target speech enabled a masking 24 release in CI users. Hence, even at the high signal-to-noise ratios at which they were tested, CI 25 users can still exploit pitch cues transmitted by the temporal envelope of a non-speech masker, 26 whereas slow amplitude modulations of the masker envelope are no longer helpful. 27 3
English vocabulary that would be expected to be known by non-native speakers (e.g., 'The 142 annoying student asks too many questions.'). 143 The masker materials were the same as in Steinmetzger and Rosen (2015) : Harmonic 144 complex maskers were based on F0 contours extracted from recordings in the EUROM database 145 of English speech in which different speakers read five-to six-sentence passages (Chan et al., 146 1995) . Sixteen different male talkers with Southern British English accents, and a similar speaking 147 rate and voice quality to that of the target talker were chosen. The median F0 frequency of these 148 16 passages was 122.9 Hz and the first and third quartiles ranged from 107.0 to 144.1 Hz. Noise 149 maskers were based on a 23.8-second passage of white noise. implemented in MATLAB (MathWorks, Natick, MA). TANDEM-STRAIGHT is a vocoder that, 154 unlike a classic channel vocoder, does not filter the input speech into distinct frequency bands, but 155 separates the periodic and aperiodic components of the source from the spectral filter. In contrast 156 to typical channel vocoder applications, this software was employed to manipulate the periodicity aperiodic component in voiced speech segments. This avoids higher harmonics being noisier than 165 lower ones, as is the case in natural speech, and hence emphasises the contrast of voiced and 166 unvoiced speech. The same technique was used to produce fully periodic speech, but here 167 interpolated F0 contours were used as input for the source extraction routine. These interpolated 168 F0 contours were obtained by first extracting the original F0 contours. Secondly, the original F0 169 contours were interpolated through unvoiced sections and periods of silence, using a piecewise 170 cubic Hermite interpolation in logarithmic frequency. The start and end points of each contour 171 were anchored to the median frequency of the sentence. 172 The same interpolation procedure was used to obtain the F0 contours for the harmonic 173 complex maskers. The waveforms for these maskers were synthesised on a period-by-period basis 174 using the Liljencrants-Fant model (Fant et al., 1985) , which closely approximates a typical adult 175 male glottal pulse [see Green and Rosen (2013) for details]. Both the harmonic complexes and the 176 noise maskers were matched in spectrum to the long-term average of speech (LTASS), using a fast 177 Fourier transform-based (FFT) finite impulse response filter (FFT size 512, Greenwood-spaced 1-178 octave smoothing, filter order 1024). using the TANDEM-STRAIGHT vocoder. The aperiodic and periodic maskers were both processed to have three 184 different types of envelopes. Target speech and masker were then added together at a given signal-to-noise ratio and 185 additionally noise-vocoded to simulate cochlear implant signal processing.
187
Masker envelopes were either steady, sinusoidally amplitude-modulated at a rate of 10 Hz 188 with a modulation depth of 100%, or inversely proportional to the target sentence envelope, 189 adjusted in 50-ms steps (+MR; Kwon et al., 2012) . As in the paper by Kwon and colleagues (2012) , 190 the level of the +MR masker was restricted to vary between -50 to -10 dB below full scale, to 191 generate a noise floor and avoid clipping, respectively. Silent portions before and after the stimulus 192 sentences have been removed to avoid adding significant amounts of masker energy at these 193 locations, and to prevent potential forward masking effects 1 . For the additional portions of the 194 masker inserted before and after the stimulus sentences, the resulting inverse envelopes were then 195 simply extended at the levels where they started and stopped.
196
The onset of all maskers was 600 ms before that of the target sentence and they continued 197 for another 100 ms after the end of the target sentence. An onset and offset ramp of 100 ms was 198 applied to the mixture of target and masker. The masker level was kept constant and the speech 199 level was adjusted to achieve a specific SNR.
200
To simulate CI processing, the signal mixture was additionally noise-vocoded before each 201 trial, using a channel vocoder implemented in MATLAB. The mixture of target sentence and 202 masker was first band-pass filtered into eight bands (sixth-order Butterworth). The filter spacing 203 was based on equal basilar membrane distance (Greenwood, 1990) across a frequency range of 70
204
Hz-4 kHz. The output of each filter was full-wave rectified and low-pass filtered at 400 Hz (fourth-205 order Butterworth) to extract the amplitude envelope. The high cut-off value was chosen to ensure 206 that temporal periodicity cues were preserved. The envelope from each band was then multiplied filters as in the first stage of the process. Finally, before summing the individual bands together, 209 the output of each band was adjusted to the same RMS level as found in the original recording.
210
A schematic depiction of the complete signal processing pipeline is shown in Fig. 1 and 211 examples of the stimuli after CI simulation processing are shown in Fig. 2 . 218 either aperiodic or periodic and masker envelopes were either steady, 10-Hz modulated, or the inverse of the target 219 speech (+MR). The +MR masker example is tailored to the example sentence shown above. All stimuli are shown after 220 cochlear implant simulation processing. See Fig. 5 for an alternative depiction of the stimulus materials (modulation 221 spectrograms) in which the subtle differences between the target speech conditions are more apparent.
223

Procedure
224
Participants were presented with 1 BEL sentence list in each of the 18 experimental 225 conditions (3 target speech conditions x 6 maskers). Only the first 20 sentences of each list were 226 used to reduce the testing time required. The SRT for every processing condition was determined 227 by tracking the SNR necessary to repeat 50% of the keywords correctly, using a 1-up/1-down 228 adaptive procedure. The initial SNR was set to +10 dB and adjusted up or down by 11 dB before 229 the first reversal, 7 dB before the second reversal, and 3 dB after that. If fewer than half of the 230 keywords in the first trial were incorrect, the SNR was set to +24 dB and the procedure started 231 over again. The SRT was calculated by taking the mean of the largest even number of reversals 232 with a 3-dB step size.
233
The verbal responses were logged by the experimenter before the next sentence was played.
234
A so-called loose keyword scoring technique was applied, in which the roots of the four keywords 235 had to be correctly identified. No feedback was given following the responses. The presentation 236 and logging of the responses was carried out using locally developed MATLAB software. The 237 order of the 18 conditions was fully randomised using a Latin Square design and the order of the 238 BEL lists was randomised as well. For each trial of the experiment, a random portion of the 239 respective masker was picked and presented along with the target sentence, except for the tailored 240 +MR maskers. For the periodic maskers, the order of the talkers was also randomised, ensuring 241 that all 16 of them were picked before any of them was repeated.
242
Before being tested, the participants were familiarised with the materials by listening to 4 243 example sentences of each of the 3 target speech conditions in quiet and 1 example sentence of 244 each of the 18 speech-in-noise conditions at an SNR of +10 dB. As in the main experiment, no 245 feedback was given following the responses. The first BEL list was reserved for the familiarisation 246 13 procedure and not used in the main experiment. The total duration of the experiment, including 247 hearing screening and familiarisation procedure, was about 45 mins and the participants could take 248 breaks whenever they wished to.
249
The experiment took place in a double-walled sound-attenuating booth. The stimuli were 250 converted with 24-bit resolution at a sampling rate of 22.05 kHz using an RME Babyface 
270
The same data were re-plotted as MPBs in Fig. 4A , i.e., the SRTs of the periodic maskers 271 were subtracted from their aperiodic counterparts, where positive values indicate that listeners 272 benefitted from masker periodicity. In Fig. 4B , the same data are again re-plotted as FMBs, i.e.,
273
the SRTs of the modulated and +MR maskers subtracted from those of the steady maskers. Here, 274 positive values indicate that listeners were, on average, able to benefit from 10-Hz or +MR masker 275 envelope fluctuations. MPBs were generally larger than the FMBs and a Bonferroni-corrected 276 post-hoc t-test confirmed that the SRTs for aperiodic maskers were significantly higher than for 277 periodic ones [estimated mean difference = 3.5 dB, t(184) = 12.18, p < 0.001]. Bonferroni-278 corrected post-hoc t-tests of the SRTs also showed that there was a significant FMB for the 10-Hz 279 modulated maskers [estimated mean difference = 1.8 dB, t(184) = 5.19, p < 0.001], but not the 280 +MR maskers [estimated mean difference = -0.1 dB, t(184) = -0.35, p = 1].
281
In summary, as for the normal-hearing listeners in Steinmetzger & Rosen (2015) , the 282 amount of target periodicity had little effect on the SRTs and the MPB was larger than the FMB, 283 even with less salient pitch cues compared to normal hearing. In addition, although they hardly 284 overlapped with the target sentences, the +MR maskers led to similar SRTs as the steady 285 interferers. 
295
To further examine the hypothesis that the better performance with periodic maskers is due 296 to a combination of F0-related envelope modulations and less pronounced random envelope 297 modulations, the front end of the mr-sEPSM speech intelligibility model (Jørgensen et al., 2013) 298 was used to compute modulation spectrograms of the stimulus materials. These spectrograms 299 depict the modulation power for each combination of auditory and modulation filter, after CI 300 simulation processing and averaged across all individual files in each stimulus condition, allowing 301 for a detailed evaluation of the differences between conditions. Firstly, this analysis revealed that 302 there is little difference between the modulations of the three target speech conditions ( Fig. 5A) , 303 in line with the behavioural results and the spectrograms shown in Fig. 2A . All three conditions 304 have a diffuse modulation pattern, with the most energy in the lower modulation filters (2-8 Hz) 305 crucial for speech intelligibility. The only feature that varies between the three conditions are, as 306 expected, the F0-related temporal modulations in the higher modulation filters (64-256 Hz), which 307 show a small parametric increase along with the degree of source periodicity. The masker 308 modulation spectrograms ( Fig. 5B ), on the other hand, differ markedly at these high modulation 309 16 rates. In auditory filters with centre frequencies higher than about 1250 Hz, all three periodic 310 maskers show a prominent F0-related peak that distinguishes them from their aperiodic 311 counterparts. Importantly, when subtracting the modulation spectrograms of the periodic maskers 312 from that of the aperiodic ones ( Fig. 5C ), it also becomes apparent that the aperiodic maskers have 313 stronger random modulations in the lower auditory filters. This difference is most pronounced 314 when comparing the steady aperiodic and periodic interferers at modulation rates below about 64 315 Hz, where no other modulations are superimposed on these random fluctuations. Hence, the linear 316 but time-varying process of amplitude-modulating a noise carrier with an envelope that also 317 contains random modulations resulted in a signal with more pronounced random modulations, 318 compared to when the carrier was periodic. The aperiodic maskers thus have stronger random 319 modulations than the periodic maskers before as well as after the materials were noise-vocoded. tested with 8-channel noise-vocoded speech. As the +MR maskers hardly overlap with the target 338 speech, CI simulation processing thus appears to make it particularly difficult to distinguish target 339 speech and masker. This may in large part be because spectral and pitch cues that aid stream 340 segregation are mostly unavailable with simulated CIs. However, it has also been shown that CI 341 users and listeners in CI simulations have problems fusing auditory information across temporal 342 gaps, even in the absence of a masker (P. B. Nelson and Jin, 2004) . In that study, participants were 343 presented with sentences interrupted by periods of silence and recognition performance was 344 severely impaired across all gap frequencies, which ranged from 1 to 32 Hz. Similar results have 345 been obtained by Ardoint et al. (2014), who tested normal-hearing listeners and found that 5-Hz 346 interruptions affect the intelligibility of vocoded speech much more than that of unprocessed 347 speech. Importantly, their study has also shown that this seems to be due to the lower intelligibility 348 of uninterrupted vocoded speech per se, rather than acoustic properties such as its spectral 349 resolution or the availability of pitch cues.
350
Additionally, in contrast to the sinusoidal amplitude modulations of the 10-Hz modulated 351 maskers, the amplitudes of the +MR maskers fluctuate in a non-deterministic manner. More 352 specifically, listeners were confronted with an inverted copy of the target speech envelope, which 353 therefore also contains speech-like modulations (cf. Fig. 5 ). With simulated CIs, this type of slow-354 rate modulation masking that makes it difficult to tell target speech and masker apart appears to 355 be particularly detrimental. 
III. COCHLEAR IMPLANT USERS
357
A. Short introduction and rationale 358 The design of the current experiment is identical to the preceding one, apart from two 359 modifications: Firstly, to make the experiment less demanding for the participants and because no 360 effect of target periodicity was observed with simulated CIs, periodic target speech was omitted.
361
The remaining two types of target speech (with aperiodic or mixed sources) were each combined 362 with the same six maskers as before (aperiodic or periodic sources; steady, 10-Hz modulated, or 363 +MR envelopes), resulting in twelve speech-in-noise conditions. Eight CI users that were post-lingually deafened in both ears were tested. Their mean age 372 was 67.9 yrs. The participants were required to be native speakers of British English and to have 373 used their devices for at least two years at the time of testing. Detailed information regarding the 374 participants is provided in Materials and signal processing were the same as in the preceding experiment, but the 384 current one did not include periodic target speech and the signal mixture was not additionally implemented by applying the weighted up-down rule (Kaernbach, 1991) . Hence, for less than 408 100% correct keywords in quiet, the SNR was adjusted with step sizes upwards (Sup) that were 409 smaller than steps downwards (Sdown), as determined by the following formula:
411
Before being tested, the participants were familiarised with the materials by listening to 5 412 example sentences of the 2 target speech conditions in quiet and one example sentence of each of 413 the twelve speech-in-noise conditions at an SNR of +10 dB. The first BEL list was again reserved 414 for the familiarisation procedure and not used in the main experiment. The total duration of the 415 experiment, including the familiarisation procedure, was about 45 mins and participants could take 416 breaks whenever they wished to.
417
The stimuli were converted with 24-bit resolution and a sampling rate of 22.05 kHz using The data of the first experiment, where the CI users were presented with the two different 425 target speech conditions in quiet, are shown in Fig. 7 (1) = 0.51, p = 0.48].
430
These results demonstrate, firstly, that a group of very high-performing CI users 431 participated in the study. In combination with the relatively easy BEL sentence materials, this led 432 to a ceiling effect in both experimental conditions. While this restricts the ability to conclude that 433 there is indeed no intelligibility difference between speech with aperiodic and mixed sources in CI 434 users, this result is in line with previous findings. Even when vocoded with few channels, so that 435 performance was far below ceiling level, there was little difference between these two processing 436 conditions for listeners with normal hearing (cf. Fig. 2 in Steinmetzger & Rosen, 2015) . to-noise ratios required to correctly perceive 50% of the keywords the listeners achieved in quiet. To aid comparison, 462 the same scaling as for the results of the CI simulation experiment was used (cf. Fig. 3 ).
464
In Fig. 9A (Panel B) . To aid comparison, the same scaling as for the results of the CI simulation experiment was used (cf. Fig. 4 ).
490
In summary, as for normal hearing and simulated CIs, the presence of periodicity cues in 491 the target speech did not affect performance. The MPB, on the other hand, was further reduced 492 compared to the CI simulations, but CI users still significantly benefitted from masker periodicity.
493
In contrast to the results obtained with simulated CIs, no FMB was observed with the 10-Hz 494 modulated maskers, but a trend for deteriorated performance. Additionally, SRTs for the +MR and 495 steady maskers were similar, as in the CI simulations, but only if the target speech had a mixed 496 source excitation. With aperiodic target speech, on the other hand, performance was markedly 497 worse.
498
IV. GENERAL DISCUSSION
499
A. Possible age effects 500
A factor that requires consideration when interpreting the current results is the large age 501 difference between the normal-hearing listeners in the CI simulation experiment and the CI users 502 (mean ages of ~20 and ~68 yrs, respectively). Older normal-hearing listeners without substantial 503 hearing impairment generally have greater difficulties to understand speech in the presence of a 504 masker than younger listeners (Füllgrabe et al., 2015; Pichora-Fuller and Souza, 2003) , which has 505 been explained by a combination of impaired auditory temporal processing and cognitive declines.
506
However, the differences between groups are usually more pronounced with competing speech or 507 multi-talker babble than non-speech maskers such as steady or modulated noise (Başkent et al., 508 2014; Schoof and Rosen, 2014), which may be due to the higher cognitive demands imposed by 509 speech maskers. In addition, studies using vocoded stimuli have reported that the ability to use 510 temporal envelope cues may be impaired for older listeners in CI-like listening conditions (Arehart   511   et al., 2014; Souza and Boike, 2006) , although it could also be argued that they perform worse 512 27 than younger adults because they find it more difficult to adapt to the unusual sound of the vocoded 513 materials. Nevertheless, these two studies suggest that the MPB observed in CI users might have 514 been somewhat larger if the listeners would have been younger.
515
In summary, it is assumed that possible age effects in the current study should be more 516 pronounced with the speech-like +MR maskers, for which the pattern of results indeed differed 517 markedly across groups (discussed further in Sec. IV.D below). For the steady and 10-Hz 518 modulated maskers, in contrast, age effects are expected to be less critical if they exist at all.
519
These considerations also suggest future studies which could attempt to compare age-520 matched participant groups or the performance of younger and older CI users. Additionally, the 521 maskers used in the current study could be substituted for periodic and aperiodic speech maskers,
522
to investigate to what extent informational masking effects alter the results observed in the present 523 experiments, and how strongly the performance with speech maskers is affected by the age of the 524 participants.
525
B. Masker-periodicity benefit 526
For normal-hearing listeners tested with simulated CIs, the MPB was markedly larger than 527 for the CI users (3.5 vs. 1.2 dB). This raises the question whether the detrimental effects of current 528 spread have been accurately simulated with an 8-channel noise-vocoder. As suggested by by using fewer channels in the initial analysis (4-8; e.g., Friesen et al., 2001; Fu and Nogaki, 2005; 539 Whitmal III et al., 2007) . However, these two simulation approachesspectral smearing through 540 envelope summation or via a filter bankhave not been compared explicitly to date and it hence 541 remains to be seen if they differ substantially. Presumably, the MPB in the CI simulation 542 experiment could also have been reduced to the level of the CI users by simply using filters with 543 shallower slopes than the sixth-order Butterworth filters.
544
In general, studies that have investigated the ability of CI users to detect amplitude 545 modulations via direct stimulation of individual electrodes have found a good modulation 546 sensitivity (Fu, 2002; Shannon, 1992) , suggesting that the reduced MPB is indeed due to the 547 interaction of the stimulated electrodes and not the inability to perceive random modulations per 548 se. Similarly, CI users have been shown to discriminate F0-related envelope modulations equally 549 well as normal-hearing listeners (Kreft et al., 2013) . While the ability to perceive temporal 550 modulations declines sharply at frequencies above about 150 Hz (Green et al., 2004) , the median 551 F0 of the concatenated sentences (~110 Hz) and periodic masker materials (~123 Hz) used in the 552 current study lies well below this upper limit. Hence, it can be assumed that these cues were 553 available to the CI users, as well as with simulated CIs. The pitch cues conveyed by the temporal 554 envelopes of the periodic maskers are thus assumed to be the reason for the MPB observed in CI 555 users.
556
The stimulus electrodograms in Fig. 6 might suggest that an alternative explanation for the 557 MPB observed in CI users is that electrical activity for the aperiodic maskers is simply more 558 29 scattered across electrodes, thereby making them more effective maskers. However, although this 559 scattering is much less pronounced for the aperiodic +MR masker, the size of the MPB was similar 560 for all three types of masker envelopes, confirming that F0-related temporal modulations are the 561 crucial factor.
562
It is also worth noting that the listeners in the CI simulation experiment showed a greater 563 MPB than the CI users despite the use of a noise-excited vocoder simulation. The inherent random 564 modulations of a noise carrier are known to make it more difficult to detect a target modulation speech perception in the presence of a masker. Accordingly, using these types of carriers would 568 likely resulted in an even larger MPB. Nevertheless, the present study has demonstrated that, when 569 using a noise-vocoder CI simulation, the random modulations of the noise carrier and the random 570 modulations contained in the signal envelope to some extent add up (cf. Fig. 5C ), preserving the 571 difference between the modulation spectra of the original aperiodic and periodic maskers.
572
Compared to the normal-hearing listeners in Steinmetzger and Rosen (2015) if the degree of spectral smearing was indeed underestimated by the 8-channel noise-vocoder CI 616 simulation, the greater current spread in real CIs may have emphasised these F0 cues (Geurts and 617 , 2001) . This might be one reason for the large performance difference with the two target 618 speech conditions for CI users.
Wouters
619
Secondly, and perhaps more importantly, it has been shown (Bhargava et al., 2016) that 620 similar intelligibility levels of interrupted speech with simulated and actual CIs require the age as 621 well as the performance with uninterrupted speech to be matched across groups, possibly because 622 age-related declines affect the ability of older listeners to integrate the individual speech segments.
623
As the +MR maskers act to interrupt the target speech too, the poor performance of the CI users 624 in the absence of F0 cues in the target speech may thus be caused by the age difference between 625 32 listener groups in the present study. However, the more general finding that the +MR maskers did 626 not enable any masking release still holds, irrespective of this possible age effect.
627
V. SUMMARY AND CONCLUSIONS
628
The present study has shown that CI users can exploit temporal pitch cues conveyed by the 629 envelope of a periodic non-speech masker when attempting to segregate target speech from 630 interferer, whereas no similar effect with respect to periodicity cues in the target speech was 631 observed. Compared to previous results obtained with normal-hearing listeners, the overall size of 632 this masker-periodicity benefit (MPB) was smaller with simulated CIs (~8.5 to 3.5 dB) and further 633 reduced with real CIs (1.2 dB). However, when compared at the higher signal-to-noise ratios 634 (SNRs) measured in the current study, the MPB for normal-hearing listeners amounts to about 4.5 635 dB only and the differences are less pronounced.
636
In contrast, the CI users neither showed a benefit when the maskers were amplitude-637 modulated at a rate of 10 Hz nor when the masker envelopes were tailored to reveal the target 638 sentence, which was intended to promote a masking release. Moreover, the listeners in the 639 corresponding CI simulation experiment similarly did not perform better with the latter type of 640 interferer, although they did show a fluctuating-masker benefit (FMB) of 1.8 dB with the 10-Hz 641 modulated maskers.
642
In summary, these results demonstrate that CI users can exploit the temporal pitch cues 643 conveyed by a masker when attempting to understand speech in noise, while they fail to benefit 644 from slow-rate masker envelope modulations. Despite being much older than the listeners in the 645 CI simulations, the smaller MPBs and FMBs in CI users can best be explained by the inability of 646 present CI devices to transmit random envelope modulations. Firstly, this effect reduces the 647 contrast between aperiodic and periodic sounds, and secondly, it diminishes the release from 648 33 modulation masking that is the main reason for the FMB. Consequently, the noise-vocoder CI 649 simulation algorithm used in the current study likely underestimated the current spread in real CIs.
650
